The specificity of nucleoside uptake in germinating conidia of Neurospora crassa was investigated by examining the kinetics of [2-14C]uridine and [8-14C]-adenosine uptake in the wild-type, ad-8, and ud-1 pyr-1 strains. The results obtained strongly indicate that nucleoside transport in N. crassa is mediated solely by a general transport system which accepts both purine and pyrimidine nucleosides. Studies directed at characterizing the specificity of the transport system indicate that general structural features of the nucleoside which enhance its efficiency in binding to the transport system include: (i) a purine or pyrimidine as the heterocyclic ring, (ii) an unfimctionalized ribose or 2'-deoxyribose as the sugar unit, (iii) a fl-configuration about the anomeric carbon, (iv) the absence of substituents at C8 in the purine series and at C5 and C6 in the pyrimidine series, (v) the presence of a C5-C6 double bond in the pyrimidine series, and (vi) the absence of a charge on the heterocycic ring.
Nucleoside analogs are becoming increasingly important as a class of therapeutic agents which vary widely in the biological systems they can affect, as well as in their particular biochemical targets. The design of nucleoside derivatives for biological testing is aided by the ability to make reliable predictions of the rate of entry of the nucleoside analog into various cell types. To this end, emphasis in recent years has been placed on characterization of the mode and specificity of nucleoside transport (1, 7) .
Earlier studies (9) of nucleoside transport in germinating Neurospora crassa conidia suggested that two transport systems may be operative, one which transports purine and pyrimidine nucleosides and another which specifically transports purine nucleosides. More recent investigations (6) in this area have indicated that nucleoside uptake by germinating conidia of the ad-8 strain is mediated by a single transport system which accepts both purine and pyrimidine nucleosides. No evidence of a transport system specific for purine nucleosides was found in that mutant strain.
In the present study, nucleoside transport in germinating conidia of wild-type, ad-8, and ud-I pyr-1 strains of N. crassa was examined. Evidence for the existence of a single nucleoside transport system in germinating wild-type conidia is presented, and the structural features of the nucleoside substrates required for uptake are described.
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RESULTS
Initial efforts at characterizing the specificity of nucleoside transport in germinating conidia of wild-type N. crassa were focused on the kinetics of purine and pyrimidine nucleoside uptake in conidia germinated to the stage where the activities of the purine-specific and common nucleoside transport system were proposed (9) to overlap maximally. Accordingly, the initial velocities of [8-14C] Additional evidence in support of a single transport system is provided from investigations of the mutant strain ud-1 pyr-1, which was reported (15) to lack uridine transport capacity. (9) have demonstrated that nucleoside uptake by germinated conidia of N. crassa strain 74A is an energy-dependent, mediated process. Two different types of transport systems were reported (9) to be operating in the germinating conidia, one specific for purine nucleosides and the other a general system, transporting both purine and pyrimidine nucleosides. In more recent investigations (6) The present studies were designed to determine the number of different transport systems operative in germinating conidia of wild-type N. crassa strain 74A. In particular, the kinetics of adenosine and uridine transport in wild-type conidia of strain 74A, germinated to the stage where the activities of the purine-specific and common nucleoside transport systems were proposed (9) to overlap maximally, were investigated. Results from this study have shown that the apparent Km for adenosine uptake is exceptionally close to the value of the apparent Ki for adenosine as an inhibitor of uridine transport. Similarly, the apparent Km for uridine transport is very close to the value of the apparent Ki determined for uridine as an inhibitor of adenosine uptake. Furthermore, under identical conditions, uridine and adenosine display the same efficiency in inhibiting [8-14C] adenosine transport. These results strongly suggest that a single transport system, transporting both purine and pyrimidine nucleosides, is operative in these conidia and that a purine-specific transport system is not. This proposal is further evidenced by the observed inability of the germinating conidia of the ud-l pyr-1 strain to transport both adenosine and uridine.
Specificity of nucleoside transport in N. crasa. The specificity of nucleoside transport in N. crassa was examined by testing nucleoside for all inhibitors. Adenine, ,B-D-ribose, AMP, 3'-isoadenosine, 7-methylguanosine, 1-benzylinosine, 8-bromoguanosine, 6-methyluridine, and 2',3',5'-triacetyluridine showed no inhibition when tested using strain 74A. 8-Mercaptoguanosine, 8-bromoadenosine, xanthosine, dihydrouridine, arabinocytidine, 2',3'-isopropylideneuridine, a-cytidine, and 6-azauridine showed no inhibition when tested using strain ad-8A.
b The apparent Ki has been reported in an earlier paper (6).
components and nucleoside analogs for their ability to inhibit the uptake of [8-_4C] adenosine.
The failure of adenine, ,B-D-ribose, and AMP to inhibit [8-_4C] adenosine uptake indicated that the system under study is in fact specific for nucleosides. The nature of the sugar unit of the nucleoside was found to be quite important in determining the affinity of the nucleosides examined; only those possessing unsubstituted f8-D-ribose or 8i-D-2'-deoxyribose sugar moieties were effective inhibitors (Table 1) . Furthermore, of the nucleosides tested, those having a complete purine or pyrimidine heterocyclic ring displayed the highest binding affinity. For example, showdomycin (3-f3-D-ribofuranosyl-1,2,4-triazole-3-carboxamide) and virazole, which may be viewed as nucleosides having incomplete purine rings, gave only moderate to poor inhibition.
To determine the structural features of the heterocyclic base of the nucleoside important for transport, a series of strategically modified purine and pyrimidine nucleosides was examined for their ability to inhibit the uptake of [8-'4C] adenosine by the germinating conidia. The relatively small apparent Ki values measured for 9-,8-D-purine riboside, 4-thiouridine, 7-deazaadenosine, 1-methylguanosine, and 3-deazauridine indicate that hydrogen bonding or any other specific interaction between base substituents or endocycic nitrogen atoms and the binding site of the transport system is not required for association. The nucleosides 7-methylguanosine, 6-azauridine, and xanthosine, all of which possess a charge undetI the experimental conditions, showed little or no inhibitory properties.
The relatively low apparent K, values determined for 7-deazaadenosine, 6-mercaptopurine riboside, 6-mercaptoguanosine, 3-deazauridine, 4-thouridine, 5-azacytidine, and the naturally occurring nucleosides indicate that the electronic nature of the 7, 6, and 3 positions of the purine ring and of the 5, 4, and 3 positions of the pyrimidine ring is not an important determinant of the binding affinity of the nucleoside.
The steric requirements of the binding site for the 6 position of the purine ring and the 3 and 4 positions of the pyrimidine of the purine and pyrimidine nucleosides are judged to be lax, on the basis of the observed low apparent Ki values of 6-methylaminopurine riboside, 6-dimethylaminopurine riboside, N6-(A2-isopentenyl)adenosine, 3-methyluridine, and N4-methylcytidine. In contrast, the binding properties of the purine nucleosides are sensitive to large substituents at the 8 position, and similarly, those of pyrimidine nucleosides are sensitive to large substituents at the 5 or 6 positions, as indicated by the observed lack of inhibition of adenosine transport by 8-bromoguanosine, 8-bromoadenosine, 8-mercaptoguanosine, 6-methylcytidine, 5-bromo-2'-deoxyuridine, and thymidine. Whereas substitution at the 5 position of the pyrimidines appears to be a direct steric effect, the lack of inhibition observed for the 8-substituted purine nucleosides and 6-methylcytidine probably derives from the syn conformer, which predominates in these systems (10, 13) , not having the proper geometry for efficient binding.
Interestingly, binding properties of the pyrimidine nucleosides are also lost when the C5-C6 double bond is reduced, as in dihydrouridine.
VOL. 136, 1978 928 DUNAWAY-MARIANO AND MAGILL The loss of ring planarity (8) or aromaticity upon saturation of the C5-C6 double bond may explain this result. It may be inferred from the observed broad specificity of the transport system toward pyrimidine and purine nucleosides of the "natural" series and nucleosides possessing modified heterocyclic moieties that binding is not dependent on the presence of any specific group on the heterocyclic ring. This feature, taken with the apparent inability of the transport system to bind nucleosides having nonplanar or saturated heterocyclic units or nucleosides which possess a charge on the heterocycic ring, seems to suggest that binding might involve, in part, a s-sr or stacking interaction of the heterocycle of the nucleoside with a transport protein.
The nucleoside transport system in N. crassa appears to be similar in many respects to the systems found in human erythrocytes by Cass and Paterson (2, 3) and in rabbit leukocytes by Taube and Berlin (12) . In both of these mammalian systems, a single carrier mediates transport of both purine and pyrimidine ribosides and deoxyribosides. As in N. crassa, the system 'in rabbit leukocytes does not bind xanthosine, which is charged at physiological pH, or a nucleoside having an incomplete purine ring (4-amino 5-imidazo carboxamide riboside). In addition, the transport systems in N. crassa, human erythrocytes, and rabbit leukocytes all appear to be specific for nucleosides having an unfunctionalized ribose or deoxyribose as the sugar unit and a fl-configuration about the anomeric carbon. At present, the only observed significant difference in the specificities of the N. crassa system versus these mammalian systems appears to be in the behavior toward thymidine. The mammalian systems bind thymidine efficiently, whereas the N. crassa nucleoside transport system binds thymidine and 5-methylcytidine very poorly, indicating a difference in tolerance for substituents at the C5 pOsition of the pyrimidine ring.
